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You've heard a lot of talk yesterday and today about flows and advanced designs. What I'm going to talk
about is the workhorse of seal designs. For the most part, the current production preferred seal design is
the labyrinth seal. We have a lot of experience with those seals so I'm going to talk about the labyrinth
seal. There are two things in general I want to talk about. One is just some thermal mechanical affects
and how that affects the seal rub depth which affects temperatures, radial deflections and flows. And the
other thing is general guidelines for successful operation of these labyrinth seals.

Relative te the labyrinth seal's thermal mechanical affect, the operating clearance is really what is
important. That's what regulates the flow when we want to maintain the flow. Obviously you need to
know what your cold clearance is, and you need to know what the mechanical and thermal radial
deflections are both for your rotor and stator. In this case the stator would be a honeycomb seal. And we
will focus on these radial deflections and clearances, but you also need to understand here is radial
deflection of this rotating seal due to the heat input from the rub. And that may or may not be significant.
There's different kinds of seal supports. Some seals are rigidly supported by a disc web and bore. We use
a lot of these seals because they help hold the stress down in the seal teeth. And generally speaking, that
rigidly supported seal has insignificant radial deflection when you would take a rub on that seal. Now, the
opposite is true for flexible seals. A lot of times we like to minimize weight and we have a flexible seal
that looks like a cylinder with labyrinth seal teeth on it. It would be lighter, would thermally match the
transient, heat transfer rates of the thin stator part that it rubs into. So there's an advantage to going with
that kind of design. But it's thin enough such that when you take a rub it's flexible enough that you get a
non axi-symmetric radial deflection due to the rub. And that's important if you really want to make sure
you understand what your clearances are. So I'm going to show you that these non axi-symetric radial
deflections due to the thermals from the heat generated during a rub cause deeper rubs and increase the
seal operating clearance and the flow. So as long as you manage that, that's fine, but you have to be aware
of this deflection during the rub. There was a non axi-symetric 3D finite element analysis done for a seal.
This was an itteritive heat transfer and elastic plastic stress analysis of a rotating seal. The analysis
assumed that the initial rub was over 180° circumferential arc length and there was heat input into the
seal teeth over this 180° arc length due to the rub. That temperature distribution caused the seal to take
on a particular radial deflection distribution which is non axi-symmetric. And as time went on, that
deflection pattern caused the rub arc length to decrease so the heat input came in over a smaller arc length
and eventually after four seconds, the rub cleared itself. Due to symmetry we only modeled 180° of the
seal. The results of the temperature versus circumferential length are shown for the half the
circumferential length of the seal. And when we first started out there was no rub, you were at a constant
temperature and then on the first time point we had a 90° arc length rub, it's really 180° but half of it
would be a 90 due to the symmetry of the model. So for the very first moment in time we're rubbing and
putting a significant amount of heat over 90°. And then as we iterated we saw that for a very short period
of time, a fraction of a second the radial deflection became non axi-symetric. I'll show you the results of
deflections in a minute. The seal tooth would deflect in such a way that the arc length of the rub now
reduced down from 90° to some lesser value and the temperature continued to rise. And as time went on
the circumferential arc length over which it rubbed kept decreasing and the temperature went up, but
finally at the last time point it was rubbing only over a very small arc length. These are all relative
deflections as if there was no rub, so it's relative to a non-rub condition. So at the very first time point we
Just start to pick up a little bit of radial deflection over the 90° arc. And as time increases the radial
deflection increases but it's over a very small circumferential arc length. At that last time point the radial
deflection is significant and it's over a small arc length and then with the following time point the rub
cleared itself and then you were back to a no rub condition. So this was all done from an assumed 180°
rub on a rotating seal. With some of the things we've learned if we were to do the analysis again we
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would have started off with a much smaller initial arc length rub, but none the less it does show that local
rubbing produces local heat input and it deflects the seal and it basically clears itself, but it does cause
additional radial deflections on this flexible seal that would not have been taken into account with an axi-
symmetric analysis. We did also do some seal rub rig component testing and this was done on the same
scal shown here. And what we did was measure the tooth tip temperatures during the rub into the
honeycomb and we used a pyrometer to measure these temperatures. The pyrometer was looking around
the entire circumference of the tooth transiently. The test results show that this tooth tip does produce
very localized rubs and gives us this non axi-symmetrical temperature gradient due to the rub. The results
of the test shows tooth tip temperature versus circumferential position. This wasn’t plotted for all 360°
because these are very localized rubs. So you could see at the seven seconds time point, there was no rub
and at least no rub according to pyrometer threshold temperature of 1200F. And basically the rub came in
around the seven and a half second time point and the temperature built up close to 2000F degrees within
just a couple of secconds and then it cleared itself. The arc length of the rub was a very localized 10 to
15°arc length rub. When you look at your hardware you might see that this is in disagreement. The
hardware looks like it has rubbed 360° around the circumference, but this component test is showing a
very localized rub. But what really happens is during one particular rub event you'll get a localized rub
and you wear a spot on that seal and then the next time you would rub it would rub adjacent to either side
so as you continue to take additional rubs it's going to rub the entire circumference at one time or another.
So in conclusion if you have flexible seals they will rub locally around the circumference of the seal tooth
and that causes the non axi-symmetric temperatures and non axi-symmetric radial deflections. And that
will give you an increase in honeycomb rub depth and which will give you an increase in clearance and
increase in flows. You just have to make sure you take the additional clearance into account.

The next thing I want to talk about, many of you may know a lot about, is summary of the guidelines for
successful operation of labyrinth seals. I'm not going to go into this in great detail because I conld spend a
lot of time talking about the details of these requirements, but these are general requirements. I have
listed some references if anyone is interested. In general to prevent vibration there's a lot of modes
vibration we can get into. One of them would be just a major Campbell resonance or a major resonance
for a rotating seal. So in that situation what you'd really want to do is just avoid having the backward
traveling wave frequency of that seal relative to stationary observer become zero. You could also get into
a situation where you have a major resonance with a static seal, the honeycomb seal that you rub into or
the structure supporting the seal. And what you need to do there is avoid the natural frequency of the
static part being equal to the nodal diameter times the number of circumferential nodal diameters of the
static seal times the rotor speed, and there's also a reference listed for that. Relative to resident interaction
you need to avoid having the rotating and stationary seal having coincident frequencies at the same
number of circumferential nodal diameters for both the rotor and the stator. There's also acoustic
coupling. What you want to do is avoid coincident frequencies between the mechanical frequency of the
rotating seal, and the acoustical cavity down stream of the seal. And finally there's aeroelastic instability
that gets tied to the tooth pocket frequency. The tooth pocket frequency is the little cavity just in between
the seal teeth themselves. And what you want to do is avoid a tooth pocket frequency relative to
mechanical frequency of the seal. And there are certain guidelines that is shown on the next pages.
What's important for this acroelastic instability is the relationship between the acoustic frequency of the
little cavity between the seal teeth and the actual mechanical frequency of the seal itself. And that
relationship of those frequencies can either act to stabilize any vibration or they can act to destabilize
which could cause an aeroelastic instability. So what you want to avoid is this negative damping or
instability that could occur under the following conditions. You have a seal that's supported on the high
pressure side, if the air was flowing in this case from the left to right. If the seal is supported over here on
the high pressure side then what you want to do is have a mechanical frequency less than the acoustical
frequency. The plot of acroelastic damping shown on the Y axis gives you the positive or negative
number and obviously you want positive damping not negative damping. The X axis is mechanical
frequency of the seal, so if you assume you have a fixed acoustical frequency and you vary your
mechanical frequency, and if your mechanical frequency was above the acoustic frequency you'd get the
negative damping, and if your mechanical frequency was less than the acoustic you get positive damping.
So in this particular situation a negative damping could exist with mechanical frequency being greater
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than the acoustical frequency. So that's a situation that you want to avoid if it's supported on a high
pressure side. Now then the opposite is true if you support it on the low pressure side and the air is still
flowing from left to right. If the mechanical frequency was less than the acoustical frequency you can
have a negative damping and that would give you the aeroelastic instability. That's really all I had.

Questions
Q. Your rub analysis gets a correlation that's used for rub material heat generation as a function of the
rubbed material being lost. To clear the rub you assume some relation between heat generation and the
rotor to stator radial interference ?
A.  Inthat particular analysis, it was an analysis where we assumed an initial 5 mil radial interference,
as if the rotor had changed speed causing the 5 mil radial interference of the seal. It was just to show that
thermally the heat would be generated and you would get a temperature distribution and a radial
deflection that would eventually clear itself. We did not consider the actual rubbing out on the material
itself. We neglected that,

Q.  There's one part stationary and one part moving and you have to go from 0-360° and boundary
condition moving circumferentially relative to the rotating seal.

A.  Thatis correct. I guess we really didn't take it to that level of sophistication. I think what they did
is they considered the reference frame rotating with the seal. They assumed some condition of rub based
on the experiments and then they just tracked the local heat input.

Q.  The rubbing generates heat and heats up the air moving circumferentially around the seal. The
circumferential air temperature variation would cause temperature gradients for the 360° for the seal, but
you only considered 180° of the scal

A.  But your worried about the air temperature variation around the circumference and I think that's a
relatively small impact relative to the rate at which the heat is coming in from the rub. In a fraction of a
second to tooth tip gets up over 2000F due to the rub. The average air temperature is still moderately cool
with a small circumferential temperature variation. But that would be the next level of sophistication, you
are right.

Q.  What is the change in the design to vary the mechanical and acoustical frequencies?

A What could we change in the design? Well, you know the acoustical frequencies is simply a
function of air temperature and the radius. And normally it's hard to change that. So pretty much you'd
have to change the stiffness of the rotating seal by adding or taking away stiffness. That'd be the easiest
thing to change.

Q.  You could also add structural damping through honeycomb or some other device.
A.  Yes. You could add external mechanical damping to the seal, you are right.

635



s[eas YuLIAgeT Jo uonerdd() [nJssaoong I0J SQUI[APINL)
$109JJH [BOTUBYDQWIOULIAY [, [89S YIULIAQR T

SJUANUOY) JO J[qe L,

636



- SMOTJ pue SaOUBILI[D
3unerodo [eas pasearour pue sqni 12dadp asned ued qni
WIOI] S[EULIOY) O 9np UONIJ[JIP [BIPeI ILIIWWAS-TXE UON e

jw” JUROIJTUSIS 9q URD SUOTIIOJ[JOp [BIpLI
OLIOWIWIAS-TXE UOU ([BOLIPUI[AD) S[BIS J[QIXI[J IO

JUBOLIIUSISUL I8 SUOTIOJ[JIP [RIpLI
210q pue goMm JSIp Aq pajtoddns ApISLI [BIS IO,

qni woij yndur
189y 0} anp [eas 3unejor JO UONIJ[JIP [eIpel [BWIY], —

[B3S qUIOJAdUOY pue
[29s 3urne)ol JO UOTIDJIP [RIpe] [BULIdY) PUR [BOTUBYIIA —

Q0UBIBI[O P[0 —

JO uonounj e st 90ueIedd Junerado [8aS

$109JJH [BOIUBYIIWOULISY |, [89S YIULIAQR ]

637



1890 0) QNI Ay} uIsned 0IZ
0] PoONPAI YU o€ QNI A} ‘SPU0IAS § 1YY —
| JSBAIIJP 0)

$99139p ()81 JO YISUQ[ dIe QE A) pasned Yorym
SUOTIOJ[JOp [eIpel JLI)IWIAS-IXe UOU JARY

0) [8as oY) pasned uonnqrisip amjeradurd) SIyy, —

gurqqnu 01 anp YI3ua[ dIe qni
oohwoc 081 o% IOA0 )99) [eas ojul Indur JeaH —

199) [89S JO NSUI[ OJe [BIIUDIJUINIILD
92139p ()8 ® JOAO (NI [BNIUI PIWNSSE SISA[RUY o

pa1ordwioo sem [Bas ® Jo SIsA[eue
SSaIS pue IoJsueI) Jeay] onse[d/onsed 9ANRIAN]

SUOTIOJ[JA(] [RIPLY [89S OLIOWWAS-IXY UON

638



[eaS PULIAQeT JO SISA[euy sSanS onse[d/onsed (s

639



(89p) uones0] [eHIUAIGIWNDILD
081

SEI 06 97 0
00¢
ettty it trerrfrrivad Y .
0sL
0001
1 0szl
\ ” |
\
\ | i
\ {
\ | _
\ - _. 0051
998 9°686] ————— \ __ J _
i :
I35 ()'886] ememeame 395 ['C86] ——— ,.. __ "
W S i | CLI
295 1861 205 P PRE] e T R S 0
I— : _ N T R S—
395 90°086] =—comemmenm - LI AR 4+ 1Y [E— M _p : —. —-
' \ |
SE °1T) G L TT1X 5.1 ] pp— O S W «_ o
# Nﬂ‘.'-d..'.'-lc ......................... -
995 07861 ~@ 1eIS qnyg o r i |
. _lll..l...ﬁ..tl —— I.l.l.ip """
. : ML TN
(4) aanteradway, |

. 0sT¢
epoN diL, y100], piemioyg
(H-V suoneiany)

uonelre A armeradway, [enuaajwnoir) di, Y1001, pIemio,
Tajsuel], 189H (g /m siskeay ssang d/q dg

640



(39p) uonesor [enuazayunoi)

081 Stl 06 o . .
00
..................... ﬂ.N
I N G GEED CHUD GIED GERP N G SR l"lll',',l ............................
0's
X\\'}"I\
- ehada <L
-t
\ ]

cCRR IS 7] Q— 3 N

935 (0°886] wweamweame 23S G861 .l./.\.\.l.li.\
I35 ['L86] memmmemmmm 098 P PYG] ——mmemrmimn //— 1A
\

095 9'086] —:emcmmemm DS THGG i

D38 ["98BT ceeverrenrens « 039S P86 —---—mm—em \ oSt

395 0 V861 ~® 1els quy , | S~

?::.c 1swadedsiq sane[ay dil 100 piemio,] L1

(H-Vv suoners)
uondafya( [erpey sAne[ay Y100], pIemioy

Iojsuel], 18l Q¢ /m siskjeuy ssons J4/9 g

641



. ) NSI Eoﬁbmﬁmuﬁ PSIJLIOA STUT,

qni [8o0] 9y} 03 anp arnjeradwa)

OLIQWWAS-TX® uou di yjoo) 8 MOYS SJ[NSAI ST,
1919wWoIAd © 3uisn quIodAauoy

ojur qni e Jurmp sainjeroduwa) di groo) [eas
painsedw [8as I[QIXJ[J & Jo 311 qni juauodwo))

1S9 1, Juauoduwo)) 31y qny [8dS

642



Labyrinth Seal Rub Rig Test Results
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Circumferential Position (DEGREES)
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